ABSTRACT Phage PBS-2 DNA, which contains uracil in place of thymine, was selectively damaged and then used as substrate for purified Bacillu subtilis uracil-DNA glycosylase. This enzyme releases uracil from DNA in a limited processive manner. Irradiation by ultraviolet light (>305 nm) in the presence of isopropanol and a free radical photoinitiator introduced covalently bound 8-(2-hydroxy-2-propyl)purines into DNA. Methylation by dimethylsulfate yielded 7-methylguanine. Apurinic sites were produced by gentle heating of methylated DNA. Rates of enzymic release of uracil from DNA varied among these three substrates.
Uracil-DNA glycosylase [dUra(DNA) glycosylase] specifically removes uracil from DNA. Such uracil may result either from incorporation in place of thymine during DNA synthesis or deamination of DNA cytosine (1) , which may occur at physiological conditions (2) . Left unrepaired, deaminated cytosines would result in transition mutations (3) . Escherichia coli mutants deficient in dUra(DNA) glycosylase (ung-) are mutators, and in vivo deamination of cytosines is the source of these mutations (4, 5) . This implies that dUra(DNA) glycosylase activity is necessary to preserve the integrity of DNA in the face ofcontinuous potentially mutagenic damage. The finding that this enzyme is apparently ubiquitous supports the suggestions that this is its prime function (1, 4, 6) .
The presence of UV photoproducts results in alteration of dUra(DNA) glycosylase activity toward phage PBS-2 DNA, which contains uracil in place of thymine. The rate of enzymic release ofuracil from such UV-irradiated DNA decreases as the number of photodimers increases (7) . This indicates that the presence of pyrimidine dimers in DNA may affect excision of uracil.
We investigated whether this alteration occurs with other types of DNA modifications. Three different types of purine damage were introduced into PBS-2 DNA, which was then used as substrate for dUra(DNA) glycosylase. Photoalkylation produced the modified purines 8-(2-hydroxy-2-propyl)guanine (HPG) and 8-(2-hydroxy-2-propyl)adenine (HPA) in DNA. 7-Methylguanine (mGua) was introduced by chemical alkylation of DNA by dimethylsulfate (Me2SO4), and apurinic sites were produced by gentle heating of such alkylated DNA. The rate of enzymic release of uracil was markedly decreased when the The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (9) , except that the samples were not flushed with nitrogen before irradiation. Actinometry (10) showed the incident dose to be 6.6 x 10-5 einstein cm-2 min-1. Photoalkylated DNA was extensively dialyzed into 10 mM Tris HCl/1 mM EDTA, pH 8.0. DNA was methylated with 10 mM Me2SO4 for 1 hr (11) and purified by passage through a Sephadex G-50 column in 10 mM Tris HCI/ 1 mM EDTA, pH 8.0 (12) . In some experiments, methylated PBS-2 DNA was partially depurinated by heat (13) followed by dialysis into the above buffer.
Analysis of DNA Damage. The degree of purine modification in DNA was assessed by quantitating labeled purines liberated by acid hydrolysis (14) utilizing paper chromatography (14) mGua yields in Me2SO4-treated DNA, the elution buffer was 0.5 M and the guanine, mGua, and adenine peaks were detected at 23, 32, and 38 min after sample application, respectively. In the analysis for HPG, the buffer was 0.8 M and HPG, guanine and adenine peaks were detected at 14, 21, and 36 min, respectively. In the analysis for HPA, the elution buffer was 0.4 M and guanine, HPA, and adenine peaks were detected at 47, 53, and 85 min, respectively. The assessment of radioactivity and quantitation of concentrations in column elution fractions were as described (15) . HPA marker was purchased from CDS Laboratories (Durango, CO). HPG marker was made by photoalkylation of guanine (16) . Identities of both were confirmed by paper chromatography (9, 14) . mGua was obtained from Vega Biochemicals (Tucson, AZ). The number of modified adducts per molecule were calculated from the known size and composition of PBS-2 DNA (17).
Photoalkylated DNA was assayed for uracil-containing dimers as described (7) . Other pyrimidine damage was investigated by enzymic digestion of DNA to deoxynucleosides (18) and precipitation of the enzymes with a% trichloroacetic acid. The supernatant was neutralized and analyzed by TLC (19) and HPLC, performed on a Waters C18 uBondapack column (250 X 4 mm) at room temperature; sample volume was 200 A1. A 60-min 0-10% methanol gradient in 10 mM K2HPO4 (pH 7.4) was applied by using curve 10 on a Waters model 660 solvent programmer; the elution rate was 0.3 ml/min. The deoxyuridine peak appeared at 25 min into the gradient.
Enzymology. dUra(DNA) glycosylase was purified from B. subtilis according to Cone et al (20) . The reaction conditions and assay were those of Friedberg et aL (21) . Enzyme assays, reaction mixtures, identification of the released product, and analysis of the Lineweaver-Burk plots were performed as described (7). Variations in activities against control substrates reflected different purifications and times of storage. Comparisons were made within data sets ofcontrol and damaged DNAs.
The possible processivity of dUra(DNA) glycosylase was investigated by DNA challenge experiments (22) (23) (24) (25) (27) . Therefore, the major products ofphotoalkylation ofPBS-2 DNA were photoalkylated purines. As with native thymine-containing DNAs, no photoalkylated pyrimidines were detected (9, 14) . This is consistent with the suppression of photoalkylation of pyrimidines by equimolar purines, reported for both uracil and thymine bases (28) and for PM2 DNA (9) . Yields of HPG, HPA, and uracil dimers were reproducible under the conditions used. DNA alkylation by Me2SO4 yields mGua as the major product (11, 29) . Analysis by HPLC showed modification of 3.8% of guanine to mGua, with about 50% ofthese residues released by heat. Both the yield of mGua produced by Me2SO4 alkylation and of apurinic sites that resulted from heating such alkylated DNA were the same for PBS-2 DNA as for calf thymus or B. subtilis DNA (11, 13 There was a 17% decrease in Vm. against PBS-2 DNA containing 600 modified purines per molecule and a 69% reduction against substrate containing 1,540 modified purines (Fig. 1) .
Therefore, the amount of inhibition of enzyme activity is dependent upon the extent of DNA damage. There were no purines released from DNA as determined by paper chromatography and TLC (7, 9, 14, 26) .
In contrast to photoalkylated DNA, the rate ofenzymic uracil release was practically unaffected by the presence of 3.8% of guanine as mGua. Activities against control and methylated DNAs are compared in Fig. 2 . The Vm. for the methylated DNA was practically identical to that for the control. No purines were released. Glycosylase activity against partially depurinated DNA is shown in Fig. 3 Reversing the sequence by first binding the enzyme to 14C-labeled DNA followed by addition of 3H-labeled DNA reversed the order of release.
A similar result was obtained by letting enzymic excision of uracil to proceed for 4 min on the 3H-labeled substrate before adding the 14C-labeled DNA. If the enzyme were distributive, release should be quickly initiated on the second substrate, with a reduction of the rate of uracil excision from the first and the Proc. Natl. Acad. Sci. USA 79 (1982) sum should equal that when the enzyme acted on only one substrate. Should the enzyme be processive, excision from the second substrate would be delayed, with continuous release of uracil from the first substrate. Fig. 4 shows that appreciable release of uracil from the second substrate did not begin until 6 min after its addition. After that, rates of uracil release were equivalent. Reversing the sequence, by first allowing the enzyme to react with '4C-labeled DNA for 4 min before addition of the 3H-labeled DNA resulted in an identical delay of uracil excision from the second substrate.
These experiments suggest that B. subtilis d(Ura)DNA glycosylase is processive. However, because not all uracil is released from one substrate DNA before initiation ofexcision from the second substrate, processivity is limited. About 5% .of substrate uracil is released before the enzyme dissociates and binds to another substrate DNA molecule. The inhibitions observed here might be due to blockage ofprocessive movement, perhaps as a consequence of structural distortion of DNA or of a high affinity of the glycosylase for these forms of DNA damage. This would result in tight binding of the enzyme to forms of DNA damage other than those involving uracil (7) .
DISCUSSION
These results demonstrate' that purines can be damaged reproducibly in uracil-containing DNA. These damaged DNAs were used as substrates for purified dUra(DNA) glycosylase. Simultaneous comparisons were made between the damaged and control DNA substrates. The effects of the presence of the three different types of DNA damage on the rate of enzymic uracil excision are compared in Table 2 . The inhibition index is the ratio of Vm. of the dUra(DNA) glycosylase with the undamaged control DNA to its Vm. with the damaged substrate; therefore, the index increases as the latter Vma. is decreased.
The major product of Me2SO4 alkylation of DNA is mGua; other products were not analyzed here, but it is obvious that the introduction of 3,200 mGua molecules per molecule does not affect enzymic uracil excision. Conversion of half of these mGua molecules to apurinic sites caused a 60% reduction in Vma. No apurinic/apyrimidinic endonuclease activity was detectable under these conditions. However, purification of the pyrimidine dimer-DNA glycosylase from T4-infected E. coli to homogeneity yielded a single polypeptide containing both glycosylase and apurinic/apyrimidinic site endonuclease activities (30) (31) (32) . Such endonuclease activity by dUra(DNA) glycosylase, with binding to apurinic sites, would account for the observed reduction of the Vm. with a partially depurinated substrate.
Purification to homogeneity is necessary to determine if this hypothesis is correct. Although this dUra(DNA) glycosylase has been extensively purified, a completely homogenous prepara- Uracil dimers (7) 1.9 tion has not been obtained (20, 33 (37) . Similarly, the rate ofpurine losses in single-stranded DNA is 4 times that in double-stranded DNA (38) . It therefore is possible that both uracil and other DNA lesions are localized along the genome. Such clustering would make dUra(DNA) glycosylase inhibition by other damaged moieties a possible significant source of transition mutations. The biological significance of in vivo deamination of uracil to cytosine has been demonstrated in E. coli mutants lacking dUra(DNA) glycosylase (4) . The extent of such deamination in human DNA has not been 'determined because no similar human mutant cell lines are available (39, 40) . Therefore, the efficient repair of uracil renders impossible the detection of deamination of cytosine.
The effects ofone form ofDNA damage on repair ofa second, unrelated, type of lesion have been assessed by using measurements of repair in cultured cells. In one study of repair of the DNA damages caused by UV irradiation and the carcinogen N-acetoxy-2-acetylaminofluorene in xeroderma pigmentosum Calculations were based on a molecular weight of 2 x 108 and a base composition of 28% guanine + cytosine for PBS-2 DNA.
4882 Biochemistry: Duker et aL cells, inhibitory effects were found to be exerted by the products of one form of damage on the cellular repair enzymes for the other type (41) . These results indicate a similar effect by photoalkylated purines and apurinic sites on the excision ofuracil. The enzyme preparation used here has been extensively studied, and no activity against any DNA purines has been reported (20, 21) . Likewise, the purified dUra(DNA) glycosylase used in these experiments had no activity against any alkylated DNA purines. One form of DNA damage may interfere with repair ofa totally unrelated form ofdamaged DNA moiety without their necessarily sharing a common repair enzyme or pathway. Therefore, the amount of DNA repair synthesis elicited by two separate agents that damage DNA may not necessarily indicate the number of repair pathways involved. This constitutes another of the many factors by which two separate genotoxic agents may interact simultaneously in living cells and affect DNA repair, as pointed out by others (41) (42) (43) (44) .
Because deamination of DNA cytosine to uracil can occur either spontaneously or due to environmental agents, dUra(DNA) glycosylase is necessary for the prevention of the accumulation ofmutagenic damage (1, 4, 5) . A number of DNA modifications may interfere with uracil excision. In addition to pyrimidine dimers (7), both photoalkylated purines and apurinic sites alter such glycosylase activity. The dUra(DNA) glycosylases purified from E. coli and from HeLa cells remove 5-fluorouracil from DNA, but at 1/20th and 1/30th the rate of uracil removal, respectively (45, 46, 47) . This suggests the possible interference of 5-fluorouracil moieties in DNA with uracil excision. It therefore is possible that a wide variety of persistent damaged DNA moieties may perturb the enzymic excision ofuracil from DNA. Should such uracil have arisen from deamination of DNA cytosine, such transition mutations may arise as a consequence of totally unrelated forms of genotoxic damages.
